Peptidoglycan is a major cell wall constituent of gram-positive bacteria. It is a dynamic macromolecule that is actively remodeled to enable cell growth and differentiation through a tightly choreographed interplay of hydrolytic and biosynthetic enzyme activities. The filamentous bacterium Streptomyces coelicolor has a complex life cycle that likely requires considerable cell wall remodeling to enable both extension of vegetative hyphae and formation of differentiated cell types. In silico analysis of the S. coelicolor genome enabled identification of 56 candidate cell wall hydrolase genes. We found that seven of these genes shared a highly conserved 5 untranslated region and were expressed during both vegetative growth and sporulation; four of these genes were selected for more extensive biochemical and biological characterization. The proteins encoded by these genes, termed RpfA, SwlA, SwlB, and SwlC, were confirmed to be hydrolytic enzymes, as they could efficiently cleave S. coelicolor cell walls. Phenotypic analyses revealed that these enzymes are important throughout development; deletion of each hydrolase gene resulted in a mutant strain that was heat sensitive, defective in spore formation, and either altered in vegetative growth or delayed in spore germination. Our results indicate that these enzymes play key roles at multiple stages in the growth and development of S. coelicolor, highlighting both the lack of redundancy in hydrolase activity and the importance of cell wall remodeling in the S. coelicolor life cycle.
Peptidoglycan (PG) is a primary constituent of the grampositive bacterial cell wall and, despite its rigid structure, is a remarkably dynamic macromolecule. It functions in maintaining cell shape and cytoplasmic turgor pressure and serves as the scaffolding to which cell wall-associated components, such as proteins and teichoic acids, are anchored (16) . PG comprises alternating N-acetylglucosamine and N-acetylmuramic acid residues, which make up the glycan backbone, and peptide side chains that link the glycan strands together (49) . PG biosynthesis is a complex process involving the concerted efforts of many enzymes, beginning with precursor synthesis in the cytoplasm and concluding with polymerization outside the cytoplasmic membrane (3, 8, 48) . During bacterial growth, PG is actively remodeled to allow incorporation of new PG and to accommodate changes in cell shape. The enzymes responsible for this remodeling are collectively termed cell wall hydrolases, and they act by cleaving covalent bonds within either the glycan strands or the peptide side chains. The essential nature of PG requires that synthesis and cleavage be tightly regulated, with the activities of biosynthetic and hydrolytic enzymes coordinated in both space and time.
Cell wall hydrolases are diverse enzymes that are typically grouped on the basis of substrate specificity and the resulting cleavage products. The major groups include the lysozymes and lytic transglycosylases, which hydrolyze the ␤-(1,4)-glycosidic linkage between N-acetylmuramic acid and N-acetylglucosamine; the endopeptidases, which cleave the peptide bonds in the amino acid side chains connecting the parallel glycan strands; the carboxypeptidases, which cleave the C-terminal amino acids of peptide chains; and the amidases, which cleave between N-acetylmuramic acid and the first residue (L-Ala) of the peptide side chain (55) .
In addition to remodeling the PG, cell wall hydrolases also contribute to a multitude of specialized cellular processes, from the assembly of secretion systems, flagella, and pili (55) to the resuscitation of dormant cells by a recently discovered class of hydrolases known as the resuscitation-promoting factors (Rpfs) (37) . The Rpfs are secreted proteins that are structurally related to lysozymes (12, 13) and are found in a subset of the actinomycetes, including Micrococcus, Mycobacterium, Corynebacterium, and Streptomyces (44) . The sole Micrococcus luteus Rpf is essential for viability (36) , while in Mycobacterium tuberculosis, which encodes five Rpf proteins, the enzymes are required for virulence and resumption of active growth during emergence from a latent state (26) . The sporulating actinomycete Streptomyces coelicolor is predicted to encode seven Rpf proteins, along with a plethora of other cell wall hydrolases. Surprisingly little is known about cell wall remodeling in the streptomycetes, despite the fact that significant remodeling must accompany the filamentous growth and morphological changes associated with the different stages of the Streptomyces life cycle. The S. coelicolor life cycle initiates with spore germination; this process likely depends on cell wall hydrolase activity, as spore germination in Bacillus subtilis requires the activity of at least two hydrolases (50) . Following spore germination in S. coelicolor, germ tubes elongate and branch in a filamentous manner, forming a network of cells termed the vegetative mycelium. A second type of filamentous (but nonbranching) cells, the aerial hyphae, then emerge from the vegetative mycelium, and it is within these cells that chains of spores develop. Cell wall hydrolase activity and the associated cell wall remodeling are thought to be essential for vegetative hyphal branch formation, vegetative and aerial hyphal tip extension, spore chain formation, and spore dispersal. In this work, we describe the first investigation of cell wall hydrolase activity and function in Streptomyces. We identify a subset of hydrolases whose genes share a conserved 5Ј untranslated region (UTR), demonstrate enzymatic activity for four of these proteins, and reveal that these enzymes function at multiple stages in the S. coelicolor life cycle.
MATERIALS AND METHODS
Bioinformatic search for cell wall hydrolase enzymes. Amino acid sequences corresponding to characterized cell wall hydrolases from both gram-positive and gram-negative bacteria and representing each of the functional categories listed in Table 1 were used to identify candidate cell wall hydrolases in S. coelicolor. The following query sequences were obtained from the ExPASy database (http: //ca.expasy.org/sprot/): Slt70 from Escherichia coli (18) and the conserved Rpf domain (44) for the N-acetylglucosaminidases; DacB from E. coli (29) for the carboxypeptidases; LytE from Bacillus subtilis (33) and multiple protein sequences housing the NlpC/P60-like domain as described by Anantharaman and Aravind (2) for the endopeptidases; and CwlA from B. subtilis (30) for the amidases. The sequences were subjected to BLASTp analysis (1) against the sequenced genome of S. coelicolor A3(2) (7). The Streptomyces annotation server (http://streptomyces.org.uk/) was also used to identify cell wall hydrolase candidates, which were further validated by the conserved domain function of BLASTp. Potential candidates with an E value of Ͻ10 Ϫ4 and possessing Ͼ25% identity over 100 amino acids were included. Signal peptides were predicted using SignalP 3.0 (6) .
Bacterial strains and culture conditions. S. coelicolor A3(2) wild-type strain M145 and mutant derivatives (Table 2) were grown on R2YE or R5 (rich) and MS (mannitol-soy flour) agar media or in liquid tryptic soy broth supplemented with antibiotics to maintain selection when appropriate. The growth medium composition and standard culture techniques used have been described previously (28) . E. coli strains used for cloning and protein overexpression are indicated in Table 2 . Standard E. coli growth conditions for DNA manipulation and protein purification were used (47).
RNA isolation.
Cultures were grown on agar plates overlaid with cellophane disks, and once desired stages of growth were reached, mycelia were scraped off and total RNA was harvested as described previously (21) . All RNA samples were quantified by UV spectroscopy using an Ultrospec 3100 pro (Biochrom), and RNA quality was assessed by agarose gel electrophoresis.
Transcript end mapping. S1 nuclease mapping was performed as described previously (17) . Reaction products were separated on 6% denaturing polyacrylamide sequencing gels. Sizes were estimated by running an end-labeled 100-bp ladder beside samples. 5Ј rapid amplification of cDNA ends (RACE) was carried out using an RNA ligase-mediated (RLM) RACE kit (Applied Biosystems) according to the manufacturer's instructions with minor modifications, as described previously (53) .
RT-PCR. Total RNA samples were subjected to reverse transcription (RT) using SuperScript III reverse transcriptase (Invitrogen). The annealing reaction mixtures consisted of 2 pmol of gene-specific primer (see Table S1 in the supplemental material), 1 g total RNA, and 2 l of a 5 mM deoxynucleoside triphosphate mixture. The annealing reaction mixture was incubated at 65°C for 5 min, followed by 1 min of incubation on ice and subsequent addition of 4 l 5ϫ First-Strand buffer, 1 l 0.1 M dithiothreitol, 40 U RNaseOUT (Invitrogen), and 200 U SuperScript. The RT reaction mixture and subsequent addition were mixed and then incubated at 55°C for 1 h, which was followed by 15 min of incubation at 70°C to inactivate the enzyme. Following RT, PCR mixtures were prepared using 2 l cDNA, 0.5 l each 50 M gene-specific primer (see Table S1 in the supplemental material), 1 l 5 mM deoxynucleoside triphosphate mixture, 2.5 l 10ϫ PCR buffer, 2.5 l 20 mM MgSO 4 , 2.5 l 50% dimethyl sulfoxide, 1.25 U Taq DNA polymerase (UBI), and enough distilled H 2 O (dH 2 O) to obtain a final volume of 25 l. The PCR mixtures were heated at 95°C for 5 min; optimal annealing temperatures were determined empirically and varied between 58 and 64°C for 45 s; the extension time was 45 s for all reactions; and the number of cycles varied between 15 and 28 cycles for the template-primer pairs to ensure that products were generated during the exponential phase of the reaction (within the linear range of amplification). Ten microliters of each PCR mixture was separated on 2% agarose gels and visualized by ethidium bromide staining. The controls for RT-PCR included 16S rRNA as a positive control for RNA integrity and equal RNA loading and a "no-RT" sample as a negative control for each template-primer combination to ensure that reaction mixtures were not contaminated with DNA.
Protein overexpression and purification. DNA fragments encompassing the predicted binding and catalytic domains of each protein of interest were PCR amplified using the iProof polymerase system (Bio-Rad) by following the manufacturer's recommendations (see Table S1 in the supplemental material for oligonucleotide sequences). In each case, the region encompassing the SignalPpredicted signal peptide was not included in the DNA to be cloned. PCR products were purified using a PCR purification kit (Qiagen). Purified DNA fragments were sequentially digested with the BamHI and NdeI restriction endonucleases. The resulting fragments were ligated into the expression vector pET15b (Novagen), which had been similarly digested with BamHI and NdeI, before they were dephosphorylated. Inserts were confirmed by sequencing with T7 promoter and terminator primers (see Table S1 in the supplemental material). Constructs were then transformed into either E. coli Rosetta2 or E. coli BL21(DE3)/pLysS (Novagen). Overexpression trials with small-volume cultures were carried out by subculturing the plasmid-containing strains to the exponential growth phase, inducing them with isopropyl-␤-D-thiogalactopyranoside (IPTG), and monitoring the growth for various periods of time and at different temperatures to empirically determine the best conditions for overexpression of soluble protein (see Table S2 in the supplemental material for optimal conditions). Proteins were then purified by incubating lysates from overexpressing cells with Ni-nitrilotriacetic acid agarose resin (Qiagen) and passing the resulting slurry through PolyPrep chromatography columns (Bio-Rad). Three washes were performed using increasing concentrations of imidazole (20 mM to 200 mM), before purified protein was eluted with either 250 mM (RpfA and SwlB) or 500 mM (SwlA and SwlC) imidazole. Pure protein was examined by separating aliquots of each elutate on 12% or 15% sodium dodecyl sulfate (SDS)-polyacrylamide gels, and each protein was estimated to be ϳ90% pure by subsequent staining with Coomassie blue. Proteins were quantified by the Bradford assay (9), using bovine serum albumin and lysozyme as standards. S. coelicolor cell wall harvest. Cultures were grown in liquid tryptic soy broth for ϳ48 h, after which cells were collected by centrifugation. The cell pellet was resuspended in a 1% SDS solution and boiled for 30 min, followed by centrifugation at 13,793 ϫ g for 30 min. This procedure was repeated once before a series of washes in 60°C dH 2 O were carried out. After the final wash in dH 2 O, the pellet was resuspended in acetone, and the cell wall preparation was spun down one final time before it was air dried. The dry weight of the cell wall preparation was then determined. Cell wall material was then used in zymogram assays (see below).
Cell wall hydrolase activity assay. Zymograms were used to assay the putative cell wall hydrolases for cleavage activity (31) . Cell wall material was incorporated into SDS-polyacrylamide (0.1%, wt/vol) gels, with which purified proteins were separated. Following electrophoresis, gels were incubated in renaturation buffer (see Table S2 in the supplemental material) overnight at 30°C. Gels containing renatured proteins were then stained with 0.1% methylene blue, 0.01% KOH for 2 h, which was followed by several washes with dH 2 O to destain them. Zones of clearing indicated cell wall hydrolysis by the purified proteins. The controls for the zymogram analysis included purified lysozyme (BioShop) as a positive control and a purified His 6 -tagged transcription factor (Crp) from S. coelicolor (not expected to possess cell wall cleavage activity) as a negative control. Zymograms were run in parallel with Coomassie blue-stained gels to confirm that the proteins migrated at the expected sizes compared to the size markers.
Hydrolase mutant strain construction. Single null mutations of the coding regions for the cell wall hydrolases were created using a standard PCR-targeted gene replacement technique (20) . The aac(3)IV (apramycin) resistance cassette from pIJ773 (20) was used to create all single mutations. An rpfA swlB doublemutant strain was created by replacing the swlB gene in the rpfA::aac(3)IV strain with a vph (viomycin) resistance cassette from pIJ780 (20) . An rpfA swlB swlC triple-mutant strain was constructed by first removing the viomycin cassette that had replaced swlB in the rpfA swlB double-mutant strain via FLP recombinasemediated excision as described previously (17, 20) and then replacing the swlC coding region with the viomycin resistance cassette. Mutant cosmids used in the disruption procedure were confirmed by digestion and PCRs performed with several combinations of primers upstream of, inside, and downstream of the disrupted gene. S. coelicolor mutant strains were confirmed by PCRs like the cosmid mutants (data not shown).
Construction of complementation vectors. Mutant strains were complemented by cloning DNA corresponding to the coding region (in the case of rpfA, this included SCO3098), along with extended upstream and downstream sequences in order to include all regulatory elements, into the integrating Streptomyces vector pIJ82 (Table 3; see Table S1 in the supplemental material). Constructs were introduced into mutant strains via conjugation between the complementation plasmid-containing E. coli strain ET12567/pUZ8002 (which mobilizes the oriT-containing plasmid pIJ82 for conjugation in trans) ( Table 2 ) and the corresponding S. coelicolor mutant. Empty plasmid controls were also introduced into the mutant strains. Complementation was assessed by comparing the phenotypes of the wild-type strain, the mutant, the mutant containing an empty plasmid, and the mutant containing the complementing plasmid under appropriate growth or stress conditions. SEM and TEM. Mutant and wild-type strains were streaked to obtain single colonies on MS agar and grown for 4 to 5 days. Individual colonies were excised from a plate and prepared for scanning electron microscopy (SEM) or transmission electron microscopy (TEM). Samples were fixed overnight in 2% glutaraldehyde, rinsed twice in dH 2 O, and postfixed in 1% osmium tetroxide for 1 h. Samples were then dehydrated using an ethanol gradient (50%, 70%, 95%, and 100% ethanol). SEM samples were transferred to a critical point dryer and, once dry, were mounted onto SEM stubs and coated with gold before they were viewed using a JEOL JSM 840 SEM. TEM samples were subjected to a final dehydration in 100% propylene oxide, infiltrated with Spurr's resin, and transferred to an embedding mold, where they were polymerized in Spurr's resin at 60°C overnight. Sections were then cut using a Leica UCT ultramicrotome and viewed using a JEOL JEM 1200 TEM. All images were analyzed using ImageJ 1.41a and Adobe Photoshop CS version 8.0 software. The spore diameter and spore wall thickness were calculated for at least 25 spores for each strain. Light microscopy and DAPI staining. Samples for light and fluorescence microscopy were obtained by taking coverslip impressions of samples incubated for 4 days on MS agar. Samples were stained with 4Ј,6-diamidino-2-phenylindole (DAPI). All images were obtained using a Leica wide-field fluorescence microscopy system with a Leica HCS Plan Apo oil immersion objective (magnification, ϫ100; numerical aperture, 1.4; Leica Microsystems, Welzlar, Germany). Digital images were processed using Adobe Photoshop CS version 8.0 software.
Heat shock assay. Spore suspensions of wild-type and mutant strains were diluted with dH 2 O to obtain a final concentration of ϳ300 spores/50 l and placed in a 60°C water bath. Fifty-microliter aliquots were plated on MS agar after the incubation times indicated below, and the plates were then incubated at 30°C for ϳ5 days. Survival rates were calculated by dividing the number of colonies on plates after heat treatment by the number of colonies on plates without heat treatment and were expressed as percentages.
Lysozyme and cell wall antibiotic sensitivity assays. Sensitivities to lysozyme, SDS detergent, and cell wall antibiotics were examined by placing paper disks containing a test compound onto minimal medium agar plates (28) freshly spread with spores to obtain a confluent lawn. After 3 days of incubation at 30°C, zones of growth inhibition were measured for all strains, and the inhibition zones for the mutant strains were compared to those for the wild type. Lysozyme (BioShop) was tested using 3, 0.3, and 0.03 mg/ml lysozyme; SDS sensitivity was examined using 10%, 1%, and 0.1% SDS; and the antibiotics phosphomycin, vancomycin, cefuroxime, bacitracin, nafcillin, and D-cycloserine were tested by applying 320 g of each antibiotic to the disks.
Germination assay. To assess the timing of germination in mutant and wildtype strains, spores were plated on MS agar overlaid with cellophane disks and incubated at 30°C. At specific time points (3 h, 5.5 h, 6.5 h, 7.5 h, 9 h, and 11 h), a portion of a cellophane disk (1 cm by 1 cm) was excised and viewed with a light microscope to score germinated spores (indicated by the presence of one or more germ tubes) and nongerminated spores. The data are representative of at least two independent experiments, and a minimum of 200 spores were counted in each experiment.
RESULTS
In silico identification and analysis of cell wall hydrolases in S. coelicolor. We anticipated that cell wall remodeling was critical for the growth and morphological development of S. coelicolor. Given this, we conducted a survey of the S. coelicolor A3(2) genome to identify potential cell wall hydrolase candidates. Using BLASTp analyses and experimentally validated bacterial hydrolases as our query sequences, we identified 60 potential hydrolases in S. coelicolor having Ͼ25% sequence identity to known hydrolase domains over the majority of the domain sequence. To put this into context relative to other bacteria, B. subtilis, another gram-positive, soil-dwelling, spore-forming bacterium, is predicted to encode 35 cell wall hydrolases (51) , while Lactococcus lactis is predicted to encode 10 cell wall hydrolases (52) and the gram-negative organism E. coli is predicted to encode 30 cell wall hydrolases (24) . S. coelicolor, therefore, encodes a significantly greater number of cell wall hydrolases than other bacteria, and this likely reflects the complexity of the Streptomyces life cycle. We have assigned the 60 S. coelicolor hydrolases to four functional groups: Nacetylglucosaminidases, carboxypeptidases, endopeptidases, and amidases (Table 1) . The group containing the most enzymes was the endopeptidase group, with 23 enzymes. Of these, 12 were identified as NlpC/P60-like proteins. The majority of functionally characterized NlpC/P60 enzymes possess endopeptidase activity (2), but there are also examples of enzymes with amidase activity (19) and for this reason these proteins have been assigned to a distinct subgroup ( Table 1 ). The N-acetylglucosaminidases/muraminidases are also well represented, and 19 predicted enzymes belong to this group. Seven of these enzymes have previously been designated members of the Rpf subgroup, although in this group the SCO2326 and SCO5029 proteins are predicted to have domains only distantly related to the Rpf domain (44) . Interestingly, only 3 of the 60 hydrolases identified in our screen are predicted to possess LysM domains (SCO3097, SCO3098, and SCO6773) ( Table 1 ). These domains are involved in PG binding and are commonly associated with cell wall hydrolases (10) .
While none of the predicted hydrolases have been characterized, members of the Rpf class have been studied extensively in other actinomycetes (38, 39) . Analysis of the rpf genes in S. coelicolor revealed that the sequence upstream of one gene, SCO3097 (also referred to as rpfA), is highly conserved in the upstream regions of six other cell wall hydrolase genes: SCO1240, SCO4108, SCO4582, SCO4796, SCO5839, and SCO6773 (Fig. 1A) . The associated products of these seven genes are predicted to have diverse enzymatic activities (5) . rpfA encodes one of the Rpf-like enzymes with a LysM PGbinding motif; SCO1240 and SCO4796 encode putative NlpC/ P60 endopeptidases/amidases; SCO4582 is predicted to encode an enzyme with lytic transglycosylase activity; and SCO4108, SCO5839 and SCO6773 are predicted to encode endopeptidases (the SCO6773 product also contains a LysM domain) (Fig. 1B) . We renamed SCO1240 (swlA), SCO4582 (swlB), and SCO6773 (swlC) for reasons that are described below. The upstream sequence conservation for these seven genes was found to be maintained for orthologous genes in multiple Streptomyces species, including Streptomyces avermitilis and Streptomyces griseus (see Fig. S1 in the supplemental material), as well as in more divergent gram-positive bacteria (4). Barrick et al. (4) identified the upstream sequence as a potential riboswitch. Riboswitches are RNA sequences typically found within the leader UTRs of mRNAs and range in size from 40 to 150 nucleotides (nt) (46, 56) . They adopt structures that bind metabolites with exquisite specificity, and this binding often results in a structural alteration that modulates either the transcription or translation of the associated downstream gene(s). The products of genes downstream of similar riboswitches usually act in common pathways, and given this, we set out to elucidate the biological roles of these hydrolase genes and their associated products, guided by the expectation that they may act together to facilitate a specific aspect of cell wall remodeling in Streptomyces.
Seven cell wall hydrolase genes have distinct transcription profiles. As a first step in characterizing the seven genes, we sought to determine whether they were subject to common transcriptional or posttranscriptional control. To investigate their expression profiles, RNA was harvested from plate-grown cultures at growth stages ranging from early vegetative growth to sporulation. Following harvesting of RNA, semiquantitative RT-PCR was conducted (as hydrolase genes are often ex-pressed at low levels), and various transcriptional patterns were observed. The expression of four of the genes (rpfA, SCO4582, SCO5839, and SCO6773) peaked at 24 h, after which their expression appeared to decline before it increased again during sporulation (48 h) (Fig. 2) . A similar profile was observed for SCO4108 and SCO4796, except that for these two genes the maximal transcript levels were maintained for an extended period (24 to 31 h) before the levels decreased and then increased again during entry into the sporulation stage. In contrast, SCO1240 expression increased throughout development, and maximal transcript abundance occurred at 48 h (during spore formation). These expression profiles were reproducibly observed with both experimental and biological replicates. The variable expression patterns observed for the seven genes suggested that they were unlikely to be coordinately regulated at a transcriptional or posttranscriptional (transcript stability) level, although such regulation may be shared by subsets of these seven genes. 
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The conserved upstream sequence corresponds to an extended 5 UTR. Given the different transcription profiles observed for the hydrolase-encoding genes, we decided to test whether the conserved upstream sequence did in fact correspond to a leader UTR, as the "riboswitch" designation was based solely on bioinformatic analyses and there is no experimental data to support its existence. We first investigated whether this sequence could be part of the coding sequence for each gene due to misannotation of translation start sites. We found that each annotated translation start site was preceded by a strong ribosome-binding site and that six of the seven genes either had no alternative start codons within 300 nt of the annotated start or had a stop codon located between any potential start codon and the annotated start (rpfA had an alternative start codon 15 nt upstream of the predicted start site). This suggested that translation was unlikely to initiate within the conserved upstream sequence.
Using S1 nuclease mapping and 5Ј RACE experiments, we mapped the transcription start sites for each gene and found that each message included an extended 5Ј UTR (Table 3 ). The SCO1240 transcript had the shortest 5Ј UTR (ϳ100 nt), while the other transcripts had longer leaders, which ranged from 162 nt long for SCO4582 to 237 nt long for rpfA. The mapped end was ϳ40 to 50 nt longer than the size of the leader predicted by the previous bioinformatic analyses (4) for all seven hydrolase genes except SCO4796, whose leader sequence was the predicted size, and SCO1240, whose leader sequence was ϳ80 nt shorter than the expected size.
Purified cell wall hydrolases cleave S. coelicolor cell walls. Having established that each of the hydrolase genes shared a conserved leader region large enough to include a riboswitch and taking into account that common riboswitches are associated with common pathways, we turned our attention to the function of the associated gene products, investigating whether these proteins were required at specific times during Streptomyces development. The seven enzymes fell into four distinct functional classes, and in order to focus our investigations, we decided to select one enzyme from each functional class for further biochemical and biological characterization, as follows:
RpfA (LysM-containing Rpf subclass), SCO1240 (NlpC/P60 endopeptidase/amidase), SCO4582 (lytic transglycosylase), and SCO6773 (LysM-containing endopeptidase). To probe the enzymatic functions of these enzymes, they were overexpressed as N-terminal His-tagged fusions (without their signal peptides) and were purified using Ni 2ϩ affinity chromatography. Each enzyme was assessed for its ability to cleave purified cell wall preparations from wild-type S. coelicolor using zymogram analysis, a standard method for demonstrating cell wall hydrolase activity (31) . All four hydrolases had detectable cleavage activity, as evidenced by zones of clearing on the zymogram (Fig. 3) , although not all of them were equally effective in their cleavage capabilities. SCO6773 (SwlC) exhibited the most robust cleavage of the four enzymes and was also the most stable, retaining its activity for several weeks, in contrast to the other enzymes, all of which lost cleavage activity within days. SCO4582 (SwlB) was readily purified; however, it exhibited less activity than equivalent amounts of SCO6773 (SwlC), and obtaining detectable cleavage in the zymogram assays required considerable buffer optimization (see Table S2 in the supplemental material). SCO1240 (SwlA) and RpfA were the least active of the four hydrolytic enzymes; they were the most challenging to overexpress and purify in an active form and were the least stable of the four enzymes examined in terms of their activity, although detectable zones of cleavage could be observed in the zymograms when freshly purified protein was used (Fig. 3) . These experiments demonstrated cell wall cleavage capabilities for all four hydrolytic enzymes, and consequently, we propose that SCO1240, SCO4582 and SCO6773 be renamed SwlA, SwlB, and SwlC, respectively (Streptomyces cell wall lytic enzyme).
SwlB and SwlC are important for branching during vegetative growth. To shed light on the biological role of each of the four representative hydrolases and to determine whether these enzymes acted at similar stages in development, deletion mutants with individual mutations and combinations of mutations were constructed. As we had shown that the hydrolases could metabolize cell walls and given that the transcription of three of the four hydrolases (rpfA, swlB, and swlC) was maximal at FIG. 2 . Expression profiles of the putative cell wall hydrolase genes during S. coelicolor development. RNA was harvested after 15, 24, 31, 39, and 48 h of growth on R5 (rich) medium. Vegetative hyphae were evident at 15 h, aerial hyphae were beginning to form by 24 h, and spores were detectable by 48 h. RNA samples were subjected to RT-PCR using oligonucleotides specific for the coding regions of the seven hydrolase genes. The number of reaction cycles was optimized for each PCR to ensure that the products examined were generated within the linear range of amplification (27 cycles for SCO1240, SCO4108, SCO4796, and SCO5839; 28 cycles for rpfA, SCO4582, and SCO6773). 16S cDNA was amplified as a positive control (15 cycles), and a "no-RT" reaction was conducted using each template-primer combination to ensure there was no DNA contamination of the RNA samples or the PCR reagents (27 or 28 cycles).
24 h, we reasoned that the absence of these gene products may affect vegetative growth. In examining the vegetative growth of plate-grown cultures, we found that rpfA and swlA mutants resembled the wild-type strain in their hyphal extension and branching patterns; however, the swlB mutant was markedly different. The vegetative hyphae of the swlB mutant appeared to be unusually long and straight, and there was a general lack of productive branching, where it appeared that branches could initiate, but continued outgrowth of these hyphae did not occur as robustly as it did in the wild type (Fig. 4) . A similar phenotype was observed for the swlC mutant (data not shown). Both the swlB and swlC mutants grew at rates similar to the wild-type rate, and while emergence of the first branch initiated at the same position as in the wild type (i.e., there was no significant difference in the distance from the tip to the first branch) (data not shown), the resulting branches were significantly shorter for both of these mutants than for the wild type (P Ͻ 0.01) (Fig. 4) . The vegetative defects of the two mutants could be complemented by introduction of a wild-type copy of the gene into the chromosome (Fig. 4 ; data not shown).
All cell wall hydrolase mutants form defective dormant spores. The expression of the four hydrolase genes was also observed to increase during entry into the sporulation stage. Thus, we predicted that the products of these genes may also play a role in spore formation. Dormant Streptomyces spores are typically resistant to heat, and heat sensitivity is a hallmark of spore wall defects (33, 34) . We therefore conducted heat shock assays with hydrolase mutants having individual mutations and with hydrolase mutants having combinations of mutations. All four single mutants were hypersensitive to heat stress; 10 min of exposure to 60°C resulted in ϳ70% viable wild-type spores, compared with ϳ30% viable spores for the mutants, while 40 min of heat treatment resulted in ϳ50% viable wild-type spores and less than 10% viable mutant spores (Fig. 5) . The heat sensitivity of these mutants could be complemented by introducing a copy of a wild-type gene into the corresponding mutant strain (data not shown). An rpfA swlB swlC triple mutant was more sensitive to heat than any of the single mutants (Fig. 5) . Taken together, these data suggest that the activities of all four cell wall hydrolases are critical for the development of dormant, heat-resistant spores.
We also tested the single and multiple mutants for sensitivity to detergent, lysozyme, and cell wall antibiotics, as spore and cell wall defects have been associated with increased sensitivity to these chemical insults. None of the mutants were found to be more sensitive to these compounds than the wild-type strain.
Given that heat sensitivity is correlated with spore defects, SEM was used to compare the appearances of spores of wildtype and mutant strains (Fig. 6) . We found that all four single hydrolase mutants exhibited abnormal spore morphologies. The swlA mutant spores failed to "round out" like wild-type spores and were variable in size, suggesting that there was a defect in the placement of sporulation septa. The rpfA, swlB, and swlC mutant spores were also heterogeneous in size and displayed a distinctive spore separation that yielded spores having an unusual cylindrical shape (Fig. 6) . A similar cylindrical spore phenotype was observed for an rpfA swlB swlC triple-mutant strain (data not shown). Bright-field light microscopy and DAPI staining of the wild-type and mutant strains confirmed the abnormal shape and size of the mutant spores, revealing that despite the unusual spore separation and septum placement, DNA segregation was unaffected. To further probe the nature of the cylindrical spores observed for rpfA, swlB, and swlC mutants, TEM was conducted. We found that the spores were fully separated but that they were cylindrical when they were in spore chains (Fig. 7A) (they appeared to be rectangular in TEM cross sections); these chains were unlikely to represent an early stage of sporulation, as they were typically found together with abundant free spores, which are characteristic of mature sporulating cultures. The cylindrical spore conformation was not maintained following the liberation of individual spores, although some mutant spores appeared to be more oblong than round, which may be a reflection of the different spore sizes (Fig. 7A) .
To further characterize the mutant spores, we conducted a quantitative examination of spore diameter and spore wall thickness using images obtained by TEM. We found no change FIG. 3 . Cell wall cleavage assay (zymogram) using S. coelicolor cell walls as the substrate. Purified cell wall hydrolases (without their signal peptides) were separated on a 12% or 15% polyacrylamide gel containing 0.2% S. coelicolor cell wall as the substrate. Following electrophoresis, the separated proteins were renatured for 18 h before the gel was stained with methylene blue to reveal zones of clearing, which represented cleavage of the cell wall. Precision Plus protein standards (Bio-Rad) were used as size markers for comparison with the following expected protein sizes: RpfA, 21.7 kDa (A); SwlA, 13.8 kDa (B); SwlB, 14.0 kDa (C); and SwlC, 28.6 kDa (D). Zones of clearing (indicated by arrows) are black bands on the inverted greyscale images. The second, larger band in panel A was reproducibly detected, but the corresponding protein could not be detected on a Coomassie blue-stained gel.
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in overall spore diameter for any of the mutants compared to the wild type (data not shown); however, all four individual hydrolase mutants possessed significantly thinner spore walls, which appeared to be on average only approximately one-third as thick as the wild-type spore walls ( Fig. 7B and C) . swlA and rpfB mutants are delayed in spore germination. As our investigations suggested that the four hydrolase gene products played a role in both vegetative growth and the formation of dormant spores, we were interested in determining whether these gene products also contributed to spore germination. Germination of both wild-type and mutant strains was assessed by incubating spores on MS agar and then scoring the frequency of germ tube emergence. No mutant strain was overwhelmingly defective in germination capability; however, the swlA and rpfA mutant strains reproducibly initiated germination more slowly than the wild type although by 11 h, spores of all strains were fully germinated (Fig. 8) . The germination delay was, however, statistically significant only at 3 h for both mutant strains (P Ͻ 0.01). All other mutant strains displayed germination kinetics similar to those of the wild-type strain. The germination defects of the rpfA and swlA mutants could be complemented by introducing a copy of the wild-type gene into the mutant strain (data not shown).
DISCUSSION
The morphological development of S. coelicolor is tightly choreographed, and the different stages of development were expected to have unique requirements for cell wall remodeling. FIG. 4 . Defects in vegetative growth for the swlB mutant: light microscope images of (A) wild-type strain, (B) swlB mutant, and (C) swlB mutant/pIJ82-swlB vegetative hyphae grown for 18 h on coverslips inserted into MS agar plates. While wild-type hyphae frequently extend significant branches, the arrow in panel B indicates the stunted branching observed for the swlB mutant. When a wild-type copy of swlB was introduced into the mutant on a plasmid, wild-type branching was restored, as indicated by the arrow in panel C. The swlB mutant also produced apparently longer hyphae than the wild-type strain. (D) Dot plot of first branch lengths for the wild-type, swlB, and swlC strains. Asterisks indicate the mean first branch length for each strain. The difference in branch length between each of the mutants and the wild type is statistically significant (P Ͻ 0.01). WT, wild type.
FIG. 5.
Assay of the heat sensitivity of wild-type and cell wall hydrolase mutant spores. Spores were tested for the ability to survive heat shock at 60°C for the times indicated. Approximately 300 heatshocked spores were spread on MS agar and incubated for 5 days, and their survival rates were calculated (see Materials and Methods). After a 40-min heat treatment, all mutant strains were at least threefold more heat sensitive than the wild-type strain, and the swlA mutant was the most heat sensitive of the single mutants, exhibiting a fivefold increase in heat sensitivity. Each value is the average of three replicates, and the standard error was calculated for the survival rate at each time point. WT, wild type.
The complexity of the S. coelicolor life cycle is reflected by the number of cell wall hydrolases encoded in its genome; this number is significantly greater than the numbers encoded by other well-studied, but less morphologically complex bacteria, like B. subtilis and E. coli (24, 51) . Given this, we expected that there may be very specific functions that could be ascribed to individual hydrolases acting at precise times during development or, alternatively, that significant redundancy would be observed for hydrolase function.
The hydrolases examined here were selected on the basis of shared upstream conservation, which was previously documented to have riboswitch-like characteristics by in silico analyses (4). Our results are consistent with this prediction, as we found that each gene transcript had an extended, leader UTR that was Ͼ100 nt long. We reasoned that the associated gene products may have similar functions, as the downstream genes of conserved riboswitches in other systems invariably act in the FIG. 6 . Microscope images of (A) wild-type strain and (B) swlA, (C) rpfA, (D) swlB, and (E) swlC mutants. The panels on the left show SEM micrographs of wild-type and mutant spores after 5 days of growth on MS agar. While wild-type spores were rounded and a uniform size, the mutant spores were more "box shaped" and were irregular sizes. Bars ϭ 1 m. The arrows indicate sites of enhanced spore separation. The panels on the right show bright-field images and fluorescence micrographs of wild-type and mutant strains after 4 days of growth on MS agar, followed by DAPI staining of coverslip impressions taken for each strain. Analysis of the mutant spore chains showed irregular spore sizes and shapes but no DNA segregation defects compared to the wild-type spore chains. same metabolic pathway (41) . We found that individual deletion of four hydrolase-encoding genes gave rise to strains with significant developmental defects, suggesting that the functions of the hydrolases were not (completely) redundant; whether the remaining 56 hydrolases encoded in the S. coelicolor genome have equally distinctive functions remains to be seen. The phenotypic effects of the hydrolase deletions were also not additive; a triple-mutant strain (rpfA swlB swlC) was slightly more heat sensitive than the corresponding single mutants, but it was morphologically indistinguishable from the single mutants during sporulation. This finding supported our proposal that the enzymes may all function in the same pathway or act together as part of a larger complex. Such complexes are not unprecedented in cell wall remodeling, as recent work with M. tuberculosis revealed that two Rpf proteins, RpfB and RpfE, bind to an NlpC/P60 endopeptidase termed RipA (23) . We investigated the possibility of physical interaction between RpfA, SwlA, SwlB, and SwlC using a bacterial two-hybrid system (27) , but our results did not support the hypothesis that there are interactions between these proteins (data not shown).
We also have evidence that suggests that several hydrolases in S. coelicolor are important during disparate developmental stages; our transcriptional analysis revealed that the majority of hydrolase genes examined were expressed most highly both early and late in development, and correspondingly, our phenotypic studies revealed vegetative and spore defects for at least two hydrolase mutants (swlB and swlC mutants). In comparison, in B. subtilis, there are dedicated hydrolases for spore germination, vegetative growth, and spore cortex maturation but no hydrolases that are directly involved in both vegetative growth and spore formation (51) .
In addition to forming abnormal spores, the swlB and swlC mutant strains were also defective in extension of vegetative lateral branches. Recent work has shown that the DivIVA protein stimulates the formation and growth of lateral vegetative branches, presumably through the recruitment or activation of PG biosynthetic machinery at these sites (22) . It will be interesting to determine whether the vegetative function of SwlB and SwlC can be correlated with that of DivIVA. The sporulation defects observed for the swlB and swlC mutants were also shared by the rpfA mutant. These strains had unusual spore chains, in which the spores appeared to be tethered together at the division sites, giving them a cylindrical appearance. This suggested that the enzymes encoded by these genes may be active during spore separation; however, this activity was not essential, as it was possible to liberate individual spores from the chains (Fig. 7) . All hydrolase mutants, including the swlA mutant, which did not exhibit the spore tethering seen with the other mutants, were also heat sensitive and had much thinner spore coats than their isogenic parent strain, suggesting a further defect in spore coat assembly. Why cell wall hydrolase mutations result in thinner spore coats is not clear; however, this finding implies that spore wall biosynthesis is closely associated with peptidoglycan hydrolysis. Finally, we have shown that two cell wall hydrolases (encoded by rpfA and swlA) contribute to spore germination in S. coelicolor by facilitating the efficient outgrowth of germ tubes. Such a role for RpfA is consistent with the observed function of Rpf proteins in other actinomycetes (26, 37, 38) . The RpfA and SwlA enzymes may act directly in degrading spore PG during germination or indirectly (for example, they may be involved in the formation of spore PG); in their absence, an altered substrate for germination-specific lytic enzymes may be generated, resulting in inefficient PG hydrolysis during germination. Germination defects have also been observed for crp mutants of S. coelicolor; however, these defects are thought to result, in part, from an abnormally thick spore wall, unlike the defect that we observed here (15, 43) .
The spore defects observed for the hydrolase mutants (thin cell walls, heat sensitivity, and germination defects) were similar to the phenotypes of other developmental mutants. Heat hypersensitivity of spores has been noted previously for whiD and mreB mutants; additionally, mreB mutants are defective in germ tube elongation, and whiD mutant spores have thinner cell walls than wild-type spores (34, 35) . Both mreB and whiD mutant spores are also irregular sizes, suggesting that there are defects in the positioning of spore septa similar to the defect seen for the hydrolase mutants examined here. whiD encodes a small protein that is a member of the "WhiB-like family" of proteins, whose function in sporulation has yet to be definitively determined (35) . In contrast, MreB is proposed to polymerize to form an actin-like cytoskeletal scaffold for PG synthesis, and in S. coelicolor it is important primarily during aerial hypha formation and sporulation (34) . In B. subtilis, the MreB isoform MreBH interacts with a PG-associated hydrolase (LytE), and this interaction is predicted to coordinate cell wall hydrolysis with cell wall synthesis (11); whether a similar interaction occurs in S. coelicolor remains to be determined. A final group of proteins that contribute to cell wall remodeling is the group that includes the recently characterized SsgA-like proteins (40) . A model has been proposed in which these proteins control PG biosynthesis and hydrolysis during the sporulation process; however, the hydrolases examined here have not been implicated in this process (40) .
PG is a major component of the gram-positive cell wall, and consequently, maintaining its integrity is of paramount impor- FIG. 8 . Comparison of germination rates of the wild-type strain and swlA and rpfA mutants. Spores were spread on MS agar and were incubated at 30°C for the indicated periods of time. Germination was assessed using light microscopy. Germination experiments were conducted at least three times using independent spore stocks and involved quantifying the proportion of germinated spores in a population of Ͼ200 spores. The curves are representative germination curves and show that the proportion of germinated spores prior to 11 h was reproducibly less for the two mutant strains, although only the difference at 3 h was statistically significant (P Ͻ 0.01). WT, wild type.
tance. Cleavage of PG must therefore be a stringently controlled process, regulated both spatially and temporally to enable cell growth, division, and differentiation, while cell lysis is avoided. The conserved 5Ј UTR of the hydrolase genes examined here may represent a unique means of controlling hydrolase gene expression. The various transcription profiles for the different hydrolase genes suggest that this control is unlikely to be at the level of transcription; the conserved leader also does not contain any obvious transcriptional terminators (data not shown). Although riboswitch-mediated control has been proposed for this sequence, the possibility that this sequence is targeted for binding by a regulatory factor such as an RNAbinding protein or a small regulatory RNA cannot be excluded at this stage (45) . It is worth noting, however, that this conserved sequence has been found upstream of genes in diverse bacteria, including Mycobacterium, Bacillus, and Clostridium strains (4), with many, but not all, of the associated genes encoding cell wall hydrolytic enzymes. Determining the function of the conserved sequence will therefore have broad implications and may reveal a novel control mechanism for cell wall hydrolase expression and activity.
